Sequence-specific DNA-binding transcription factors (TFs) are often termed as 'master regulators' which bind to DNA and either activate or repress gene transcription. We have computationally analysed the soybean genome sequence data and constructed a proper set of TFs based on the Hidden Markov Model profiles of DNA-binding domain families. Within the soybean genome, we identified 4342 loci encoding 5035 TF models which grouped into 61 families. We constructed a database named SoybeanTFDB (http://soybeantfdb.psc.riken.jp) containing the full compilation of soybean TFs and significant information such as: functional motifs, full-length cDNAs, domain alignments, promoter regions, genomic organization and putative regulatory functions based on annotations of gene ontology (GO) inferred by comparative analysis with Arabidopsis. With particular interest in abiotic stress signalling, we analysed the promoter regions for all of the TF encoding genes as a means to identify abiotic stress responsive cis-elements as well as all types of cis-motifs provided by the PLACE database. SoybeanTFDB enables scientists to easily access cis-element and GO annotations to aid in the prediction of TF function and selection of TFs with functions of interest. This study provides a basic framework and an important user-friendly public information resource which enables analyses of transcriptional regulation in soybean.
Introduction
Sequence-specific DNA-binding transcription factors (TFs) are the key molecular switches that control or influence many of the biological processes such as development, growth, cell division and responses to environmental stimuli in a cell or organism. By being capable of activating or repressing transcription of multiple target genes, they affect the metabolism, physiological balance and progression in cells and the responses of cells to the environment. 1 -3 TFs form complex regulatory networks at the transcriptional level and through protein -protein interactions among themselves or with proteins of other classes. Protein -protein interactions may also form with other transcriptional regulators such as chromatin remodelling/modifying proteins to recruit or block access of RNA polymerases to the DNA template. The specific interactions between TFs and a family of cisregulatory sequences described by a consensus motif play a central part in how genetic regulatory proteins affect spatial and temporal gene expression. 4 Additionally, alterations in the activity and regulatory specificity of TFs are emerging as a major source of diversity and evolutionary adaptation. 5, 6 In the past decade, the availability of complete genome sequences and the development of high-throughput experimental techniques have enabled scientists to compile complementary information describing the function and organization of TF regulatory systems in a number of organisms. The identification, characterization and classification of TFs at the genome-wide level will provide an important resource for researchers who are interested in studying the regulation of gene expression. Similar to other proteins, TFs are comprised evolutionarily conserved units called 'domains', which belong to families that can occur in many different proteins.
The majority of TFs can be grouped into a number of different families according to the specific type of DNA-binding domain (DBD) that is present within their sequence. 7 -10 Using bioinformatics approaches, computational studies have documented valuable TF repertoires by searching for genes containing DBDs within individual organisms ranging from prokaryotes to eukaryotes or by searching across all completely sequenced genomes. 7,8,10 -18 In plants, 7% of the genome encodes putative TFs. 19 Despite their importance as a fundamental component of biological systems, the TF repertoires for many plant genomes remain largely unknown and understudied. Analyses of expressed sequence tag (EST) and genome sequence databases have indicated that legumes encode more than 2000 TFs per genome. At the present time, less than 1% of these putative TFs have been genetically and functionally characterized. 19 Our basic knowledge of TFs and their role in transcriptional regulation is derived from molecular biological and genetic investigations. Proper characterization of particular TFs often requires a detailed study in the biological context of a whole TF family, since functional redundancy is a common occurrence within TF families. 20 -24 Furthermore, since TFs control the expression of the genome, it is not possible to completely understand their function without performing detailed functional studies at a genome-wide level. 7,25 -27 Soybean (Glycine max L.) is a nutritionally important crop which provides an abundant source of oil and protein for worldwide human consumption. 28 -31 In addition, soybean is also viewed as an attractive crop for the production of renewable fuels such as biodiesel. Due to its symbiosis with nitrogen fixing bacteria, soybean can fix atmospheric nitrogen and therefore requires minimal input of nitrogen fertilizer. Agricultural dependence on nitrogen fertilizer often accounts for the single largest energy input in agronomic practices. 32 With the recent completion of the soybean genomic sequence (http://www. phytozome.net/soybean#C Soybean Genome Project , DOE Joint Genome Institute), the identification, isolation and functional analysis of important genes will be accelerated. From a biotechnology perspective, this resource will be especially important for studying regulatory genes involved in plant productivity, seed quality, nitrogen fixation and the sensing/response and adaptation to the environment. Within the soy genome model, 975 Mb has been captured in 20 chromosomes and 66 153 protein-coding loci have been predicted (http ://www.phytozome.net/soybean#C). With the completion of the soybean genome sequence, the full complement of TF-encoding genes from this important crop can be characterized and functionally analysed.
In this report, we searched for sequence-specific DNA-binding TFs using a prediction method which uses 51 Hidden Markov Models (HMMs) from the Pfam database. We also used 11 models, which were originally created by HMMbuild of HMMER2 package, to identify the domains within the putative TF proteins. The computational results predict that the soybean genome contains 5035 TF protein models coded from 4342 loci in 61 families. We created a database named 'SoybeanTFDB'. This database provides open access for researchers to all relevant and basic information on functional motifs, full-length cDNAs, promoter regions, genomic distribution, gene duplication and multiple sequence alignment of the DBDs for each TF family. Since most of these TFs have not been experimentally characterized for regulatory function as indicated by assessment in PubMed, we searched for their putative regulatory function by assessing annotations of the gene ontology (GO) using comparative analysis with their Arabidopsis counterparts. As a complement to this functional prediction using GO annotations, we also mapped all putative cis-regulatory elements that were documented within the PLACE database on all TF encoding genes. In this analysis, we placed a particular emphasis on abiotic stress responsive ciselements. Knowledge gained from identifying the presence of stress responsive cis-elements, in addition to GO annotation, enables effective prediction of stress responsive TFs. Taken together, in this study, we demonstrate a comprehensive and high-quality census of TFs encoded within the soybean genome. These results provide a solid foundation for further systematic characterization of soybean TFs using traditional molecular approaches and/or genomic techniques at either the single-gene level or family-wide scale.
Materials and methods

Identification of TF repertoire in soybean
To identify TF encoding genes from the annotations of Glyma1 in the soybean genome, 51 HMMs of Pfam 33 and those of 11 originally created using HMMbuild of the HMMER2 package (http://hmmer. janelia.org/) were applied, which corresponded to a total of 61 TF families (Supplementary Table S1 ). The modelled proteome data of annotated genes in Glyma1, which were downloaded from Phytozome (http://www.phytozome.net/), were subjected to a profile search for HMM dataset using Pfam-HMM with set thresholds of E-value, E , 1e25 (Supplementary Table S1 ). The search results for each of the TF families were then applied to retrieve discovered regions as conserved DBDs and related annotations. To further classify genes with a conserved MYB domain into three subgroups: (R1)R2R3_MYB, MYB_related and atypical_MYB, the MYB soybean protein sequences were searched against previously classified Arabidopsis MYB genes 34 using blastp (E , 1e25) and each top hit combination was applied to the classification. To avoid possible contaminations of pseudo response regulator or histidine kinase sequences into the GARP_ARRB family, genes containing CCT, CHASE, HATPase_c and HisKA together with Response_reg of Pfam domains were searched by InterProScan. Genes, which hit in this search, were subsequently removed from the GARP_ARRB family.
The putative TF encoding genes discovered in the soybean genome were classified into the following four categories based on their potential functionality as TFs. The first group of TFs (Category A) consists of TF encoding genes showing sequence identity 95% and a blastn E 1e2100 with GenBank soybean sequences having a functional description as TFs. Category A genes were classified with the highest confidence level after assessment with the PubMed database. The second group of TFs (Category B) is comprised TFs which have an equivalent protein domain arrangement (blastp E 1e230) for regulatory function in well-annotated plants, such as Arabidopsis and/or rice. The third group of TFs (Category C) combines possible TFs which show a significant hit with each of the HMM models used for DBD prediction (Pfam-HMM E 1e220). The last group contains TFs which have promiscuous HMM models with a threshold of settled E-values.
Structural and functional annotations for putative
soybean TFs For annotating TF encoding genes in soybean, 35 we used protein and cDNA sequences of soybean TFs as queries against the following protein and nucleotide datasets using the BLAST algorithm: 36 37 the cDNAs of the previous version of the soybean genome annotation (Glyma0, Phytozome) and the target sequences of the Affymetrix soybean GeneChip (GPL4592 of NCBI GEO platform accession). All of the similarity searches using blastn were performed with threshold E , 1e2100, and the top scoring hit for each query was applied. All similarity searches with blastp against protein datasets were performed with a threshold E , 1e25 to find possible functional descriptions for TF encoding genes. The top scoring hit for each query was applied.
Conserved domains in the protein sequence of putative TF encoding genes were identified with InterProScan and the InterPro DB (http://www.ebi.ac. uk/interpro/) to predict structures of DBD of TFs together with other functional domains and associated GO terms. All domains and those positions predicted by the search were retrieved and implemented them into our database. To determine the global characteristic features of functional categories of TF encoding genes of soybean, the TFs were assigned to possible GO terms based on a blastp similarity search to find Arabidopsis counterparts together with those annotated GOs of TAIR8. Particular emphasis was placed on sequences serving under the 'biological process' functional category.
TFs have been widely reported in plant TF databases such as DATF, AtTFDB, RARTF and PlnTFDB for Arabidopsis and DRTF, GRASIUS and PlnTFDB for rice. To annotate all putative soybean TFs in relation to Arabidopsis and rice counterparts, soybean TF sequences were assigned to annotation data related to TF families provided from each of the aforementioned databases based on sequence similarity searches between soybean proteome data and those of Arabidopsis and rice. 8,14,38 -42 The interrelated dataset of soybean genes, in combination with related Arabidopsis and rice TF annotations, were implemented into the SoybeanTFDB to provide cross references with other plant TFDBs.
Gene duplications and gene clusters in soybean TF
families Gene duplications and gene clusterings in soybean TF families were estimated by analysing the amino acid sequences of TF genes found on soybean
chromosomes. Specifically, the presence of gene pairs or gene clusters of closely homologous genes based on global sequence similarity with threshold of more than 60% amino acid sequence identity using cd-hit program of CD-HIT package were investigated. 43 Gene clusters are defined as genetic loci containing three or more closely homologous genes. Once identified, the pairs or gene clusters were used to assess the chromosomal allocation of highly homologous genes. Genes in tandem duplication are arbitrarily defined as those occurring within a sequence distance of 50 kb. On the other hand, genes that are duplicated in the same chromosome but reside .50 kb from each other are referred to as 'Duplications in same chromosome'. 'Duplications in different chromosomes' indicate pairs of highly homologous genes which reside on different chromosomes.
Discovery of cis-regulatory motifs in promoter regions of TF genes
To discover cis-regulatory motifs located in the promoter regions of each putative soybean TF gene and to investigate the enriched representation of cismotifs in each TF family, cis-motif sequences from the PLACE database (version 30, 469 entries) (http:// www.dna.affrc.go.jp/PLACE/) 44 and the stress responsive cis-motifs previously reported 45 were used as queries to search against the Glyma1 genome scaffold sequence using the fuzznuc program of EMBOSS package (http://emboss.sourceforge.net/). The results of pattern matches were subsequently assessed to identify matched sequences located on the 2500, 21000 and 23000 bp upstream sequences from the putative transcription start site for each TF encoding gene defined in the Glyma1 annotation. The ciselement search results were implemented into the SoybeanTFDB as a searchable property. In addition, these search results were also incorporated as an annotation track of the genome browser (Gbrowse).
To assess the enrichment for the representative allocation of each cis-element identified on upstream sequences of each TF family, we analysed cis-element representations in the 21000 bp promoter region of TF members for TF families containing more than 50 gene loci to compare cis-element representations of randomly sampled gene loci of Glyma1. The computation of the overrepresentation test and its significance were performed by a Z-test as previously described. 46 
Construction of a web accessible database
The database is implemented in MySQL and the web interface of Perl CGI and Java script run on the Apache Web server. The definition strings used for sequence similarity searches for each database, the domain searches by InterProScan, cis-motif names from the PLACE database and the assigned GO terms have been assembled as a keyword database enabling users to specify queries on any keyword and to retrieve relevant information for genes from the SoybeanTFDB. A BLAST server was implemented to provide a similarity search interface for queried sequences using NCBI BLAST together with soybean Glyma1-related sequences, as well as those from Arabidopsis and rice. Generic Genome Browser (Gbrowse) 47 was also implemented in SoybeanTFDB with Glyma1 genome annotations released by Phytozome to visualize the gene annotations of the putative TF encoding genes together with cis-motifs found on the upstream sequence of the TF genes. All of the data in the SoybeanTFDB are accessible not only through a web interface but also as downloadable files from the website. The cross references of corresponding data for each of the entries were also implemented into the SoybeanTFDB together with the URLs for each of the original referenced data to provide hyperlinks on the web interface with seamless navigations.
Results and discussion
Identification of the soybean TF repertoire
For the purpose of identifying the repertoire of TFs within the soybean genome, we first define a class of proteins which bind DNA in a sequence-specific fashion. A protein is classified as a TF if it has a significant match to a model that we annotated as being a DBD, with the significance thresholds for HMM matches. Supplementary Table S1 summarized the HMMs used in TF predictions. For each HMM, we examined the description and associated literature to assess their sequence-specific DNA-binding capabilities. The pipeline that we used to predict soybean TFs began with retrieving the complete set of predicted proteins from the completely sequenced soybean genome. This approach was then followed by a HMMER search with all HMMs taken from the Pfam database (Fig. 1 ). In total, 4342 putative TF encoding loci which showed a significant match with these selected DBDs were extracted from the soybean genome sequence Glyma1 model (http:// www.phytozome.net/soybean#C). These putative TFs represent 6.56% of the total number of predicted genes in soybean (Table 1 and Supplementary Table  S2 ). In soy, this percentage of TFs to total gene number was similar to what has been observed for Arabidopsis. In the Arabidopsis genome, there are at least 1968 TFs which account for 7.23% of the total number of genes. Although the number of TFs generally increase with the number of genes in a genome, interestingly the percentage of TF genes described in rice (3.68%) is less than expected ( Table 1) . The identified soybean TFs were classified into 61 families based on the presence of domains that were specific for the family ( Table 2 summarized the full-length information of the soybean TF encoding genes annotated by Glyma1 and the FL-cDNA collection. Detailed information for each gene is available on Supplementary Table S2 . Next, we then grouped the TFs into four categories according to our confidence in their structure and functionality by assessing PubMed and relevant databases as described in Materials and methods (Fig. 2 , and Supplementary Table S3 ). Relevant information of the soybean TF repertoire can be easily accessed at our website SoybeanTFDB (http://soybeantfdb.psc.riken.jp). Information that is readily available for the TF repertoire includes nucleotide and amino acid sequences, promoter regions and domain alignments within the family as well as multiple alignments with putative Arabidopsis and homologous rice genes.
Our prediction method depends heavily on the content of the Pfam database and the ability of the search algorithms to detect the DBDs in protein sequences, thus there are a few possible sources of inaccuracies in this prediction method. In addition, although the Glyma1 model contains more than 98% of known soybean protein-coding genes in its assembly, part of the TF repertoire may be clarified in the future by fine-tuning of the annotation. Finally, our literature analysis depends on the existing Figure 1 . Schematic workflow of the computational pipeline used to discover and annotate genes encoding putative transcription factors in soybean. Continued available published information pertaining to each gene, which will need to be updated as new findings are reported. The availability of updated HMM libraries or refinements of existing ones and better fine-tuned annotation and continuous searches for newly reported literature will enable us to improve the TF prediction coverage. We will continue to update the website with new information when it becomes available. Literature analysis, which is achieved by assessing corresponding genes deposited as soybean TF genes in the GenBank core nucleotide division together with associated identifiers of PubMed, has revealed that the majority of soybean TFs remains experimentally uncharacterized. Thus, we attempted to further extend our current knowledge base regarding their regulatory function by assessing the putative functions of soybean TFs via comparative analyses with relevant GO annotations of Arabidopsis in TAIR. First, we analysed the profile of GO terms at the biological process level which could be assigned to soybean TFs based on sequence similarity searches against Arabidopsis counterparts having GO terms in TAIR. In order to grasp the overall representation of GO terms in applied entries of soybean TFs, all of the assigned terms were counted after the similarity searches were completed. With the exception of 'regulation of transcription', 'DNA binding' and 'biological process', the top 21 most abundant terms were subsequently used to classify the TFs. The contig results of these total 21 GO terms for each soybean TF, which was based on similarity with Arabidopsis TFs, are provided in Supplementary Table S4 . Figure 3A illustrates the distribution of soybean TFs in the 21 most abundant GO terms. A significant proportion of soybean TFs are related to stress and hormone responses (Fig. 3B) , indicating the important role of TFs in controlling these biological processes. Of these assigned regulatory functions, responses to auxin, chitin and salt stress are the most highly represented. It is acknowledged that these annotations are the first steps in functional prediction, and researchers must use original publications as a source for a higher level of detailed information. In addition, it is ideal if functional analyses can be performed in order to gain a detailed understanding of gene function. Overall, these analyses emphasize the limited amount of functional information that we know regarding the biological processes that most of the TFs mediate, even for model plants such as Arabidopsis. Directing research efforts into uncharacterized TFs-for example, using high-throughput genomic surveys to describe the key features combined with a detailed examination using traditional molecular approaches-will undoubtedly accelerate our functional understanding of these important regulatory genes. The NAC TF family, which is widely distributed in plants but so far has not been found in other eukaryotes, is an abundantly found GO terms were assigned based on homology searches against annotated Arabidopsis genes (A). Abundant distribution of TFs in GO terms related to the response to various types of abiotic stresses in the soybean TF dataset (B). Gene numbers are displayed next to the terms. excellent example of how research interests can suddenly arise the following key findings. The acceleration in functional studies has revealed their diverse functions in different biological aspects and future follow-up studies will rapidly improve our understanding of the regulatory function of NAC members. A greater understanding of how TFs operate will be subsequently translated into their potential applications to enhance plant productivity.
4,48,49
Structural feature of TFs
As mentioned above, the most common classification of TFs is based on the structure of their DBD. 7, 14 Grouping TFs by their structural domains has been extremely useful in gaining insights into how they recognize and bind specific DNA sequence. This strategy has also been proven successfully for characterizing their evolutionary histories as well. Moreover, the DBD may provide clues to their biological function. For example, ABI3/VP1 TFs are often associated with the regulation of abscisic acid (ABA)-responsive genes during seed development. 50 Since structural features of TF families have been extensively characterized in other reports, we do not cover this in detail within this report. 8 However, it is worthy to note that soybean contains a number of large families which consist of more than 100 members (Supplementary Table S5 ). For example, the large AP2_EREBP family alone contains 405 TF models and accounts for a total of 8.04% of the TF repertoire. The bHLH and (R1)R2R3_MYB TFs also represent major families with 390 and 333 members, respectively, which together occupy 14.36% of the TF repertoire. These observations agree with the previous studies in Arabidopsis and rice, which confirmed that the same three families contain the highest numbers of TFs in these model systems (Supplementary Table S5 ). In addition, the plant-specific NAC family, which comprises 205 models in soybean, represents a similar ratio in Arabidposis and rice (Supplementary Table S5 ). Taken together, these results suggest a similar tendency in the evolution of major TF families in plants. Furthermore, given that the size of TF families is influenced in part by the number of different DNA sequences that they are able to recognize, the DBDs of AP2_EREBP, bHLH and (R1)R2R3_MYB TF families may be able to diversify their collection of target sequences. As a result, they occur in the greater numbers in a genome. Table S2 ). The local distribution of TF genes relative to each other is also of interest. Previous studies have described duplications and clusters of highly homologous genes. In Arabidopsis, tandem gene duplications and largescale duplications on different chromosomes may account for .60% of the genome. 7 In soybean, we were able to distinguish between two types of duplications and clusters based on the evolutionary history of the TF-coding genes that they contain. The first type of duplications and clusters consists of a series of paralogous genes, suggesting that they arose through repeated tandem duplications which originated from a founding locus. In contrast, the second type of duplications and clusters is not comprised paralogous genes. We anticipate that the TFcoding genes in these duplications and clusters arose independently of each other at diverse locations within the genome. Over time, it is likely that they relocated to form these duplications and clusters. Table 3 summarizes gene duplications and gene clusters in soybean TF families. Closely related genes, which are defined by .60% amino acid sequence identity, account for 77.75% of the total number in the TF families (Table 3) . Pairs of duplicated genes on different chromosomes are most common and gene clusters of three or more highly related genes are also widely found (Table 3) . On the basis of the distance of their occurrence, a few of the duplicated genes could be classified arbitrarily as either genes that were duplicated on same chromosome or genes that were tandemly duplicated. Evolutionary studies and haploid genome analysis have suggested that the soybean genome experienced a tetraploidization event which occurred an estimated 10 -15 million years ago. Since then, the soybean genome has gone through extensive gene rearrangements and deletions to become diploidized. 53 Therefore, we can observe in soybean that multigene families, including TF families, contain highly related genes. 24, 54 3.4. Promoter regions of the TFs and the discovery of cis-elements in the TF promoter regions Cis-regulatory elements, which are the binding sites for TFs located in the promoter regions of genes, are the functional elements that determine the timing and location of transcriptional activity. Over the years, extensive promoter analyses have identified a large number of cis-elements, which are important molecular switches involved in the transcriptional regulation of a dynamic network of gene activities controlling various biological processes such as No. 6] K. Mochida et al. Continued abiotic stress responses, hormone responses and developmental processes. 45, 55 The PLACE database (http://www.dna.affrc.go.jp/PLACE/) has consolidated all of the published cis-motifs that have been identified to date. In addition, a number of stress responsive cis-motifs are also reported, which are of great interest to our area of research. 45 To facilitate the functional characterization of soybean TFs, we retrieved the promoter regions for all of the TF genes from soybean genomic sequence database. Specifically, we retrieved 500, 1000 and 3000 bp of sequence upstream from putative transcription start sites. We provided this data on our website in addition to other relevant information on the TFs for convenient downloading. The 2500, 21000 and 23000 bp promoter regions were subjected to an extensive in silico analyses to search for the existence of all putative known cis-regulatory motifs. In addition, we also analysed the enrichment of all of the cis-motifs in each TF family using 21000 bp promoter regions as described in Materials and methods.
Information on the cis-elements located in the promoter region of each TF is accessible on the detailed page of each TF gene under 'cis-motif prediction' function (Fig. 4C) . In addition, our website provides the 'cis-motif (PLACE)' search function, which enables the search for all types of cis-motifs provided by the PLACE database in promoter region of any TF and/or the search for those TFs which contains the cismotif(s) of interest (Fig. 4A ). In combination with GO annotations (Fig. 4H) , these data can facilitate the systematic functional predictions of soybean TFs.
Numerous cis-elements have been reported for their essential roles in determining the tissue-specific or stress-induced expression patterns of genes. 45, 55 Recently, a systematic combinatorial in silico analysis of cis-motifs and expression patterns in Arabidopsis indicated a positive correlation between multistimuli response genes and cis-element density in upstream regions. 56 Inspection of the relationship of the existence of cis-regulatory elements and the expression patterns of the TF genes can therefore (9) a Number of predicted TF loci found in soybean chromosomes (Glyma1 model). b Genes were considered closely homologs if they showed .60% amino acid sequence identity. help predict the function of the respective TFs during development, in different organs, cell types or in response to various endo-or exogenous stimuli. Additionally, quantitative models that describe how combinations of cis-elements dictate changes in expression will play an important role for enriching our understanding of the transcriptional response of individual genes to environmental perturbations. 26 3.5. Cis-element-and comparative sequence analysisbased prediction of abiotic stress responsive TFs in soybean Plants respond to environmental changes by altering large-scale transcriptional responses. The exquisite sensitivity and specificity of these responses are controlled in large part by the cis-regulatory elements. The molecular mechanisms regulating gene expression in response to abiotic stresses have been studied by analysing the cis-and trans-acting elements, i.e. the sequence-specific binding TFs. 4, 45 Genes induced by stresses are classified into two groups: functional genes and regulatory genes. The regulatory group includes genes encoding various TFs which can regulate various stress-inducible genes cooperatively or separately and may constitute gene networks. Identification and functional analysis of these stress-inducible TFs should provide more information on the complex regulatory gene networks that are involved in stress responses. At the present time, the functions for most of stress responsive TF encoding genes are not fully understood. Some of the stress-inducible TFs have been overexpressed in transgenic plants and result in stress-tolerant phenotypes. 4, 45, 49 Recent studies have substantiated that sequence similarity-based clustering of the members of several TF families correlates with their function. Phylogenetic analysis of the AP2_EREBP and NAC families of soybean and the rice NAC family with orthologs from other plant species whose stress responsive expression pattern and/or function are known, resulted in a nearly perfect match between sequence conservation and function or expression patterns. These similarities clearly demonstrate that this can serve as a reliable approach to rationalize systematic functional predictions of different TF families. 21, 24, 54 Moreover, increasing evidence indicates that the cis-motifs are highly conserved among orthologous or paralogous genes and coregulated genes and defined cis-elements can effectively aid in the genome-wide screening of ABA and abiotic stress responsive genes. 57 -59 These observations together prompted us to investigate in a comprehensive fashion the relationship between TFs and abiotic stress with the integration of cis-element annotation and comparative sequence analysis using stress responsive GO terms which aimed to identifying soybean TFs which may function in abiotic stress response. We, therefore, carried out comparative sequence analysis with stress-responsive Arabidopsis TFs to predict the soybean TFs with stress responsive GO terms (Fig. 3B) . We also characterized information on stress-responsive cis-element distributions in promoter regions of each soybean TF gene on our webpage for querying and searching for putative stress responsive TFs in each family using 'cis-motif (stress responsive)' search function. With the help of our soybean TF database, we can use, for example, the 'cis-motif (stress responsive)' search function to identify TF genes which harbour major known stress responsive cis-motif(s) in their promoter regions (Fig. 4A) . Next, we screen the identified TFs using GO annotation provided for each TF on detailed annotation page (Fig. 4H) . Thus, we will be able to identify the putative stress responsive TFs based on both the existence of stress responsive cis-motif(s) and the associated stress responsive GO terms. The predicted stress responsive function of the identified TFs shall be then confirmed by experiments. The existence of major stress responsive cis-motifs enriched in 21000 bp promoter regions for a number of TF families was summarized in Table 4 .
RIKEN soybean TF database
We constructed a TF database named SoybeanTFDB which is based on the identified soybean TF repertoire. Access to our database is available via the following link: http://soybeantfdb.psc.riken.jp, and all of the data described above are available for viewing and immediate downloading. The scientific community can browse predictions for a total of 5035 TF models and receive classifications for submitted nucleotide and protein sequences. Multiple alignments of amino acid sequences within TF families are also available for downloading and can be used for the construction of phylogenetic trees. We also provided clustered results showing amino acid similarity with different levels of amino acid identity (30, 60 and 90%), search functions for functional motif information of InterProScan, cis-motifs in promoter regions of TFs and GO annotations. Furthermore, cross-references and links to other databases such as Arabidopsis TAIR8, TIGR rice, UniProt, SoyBase, soybean FL-cDNA and other TF databases such as AtTFDB, DATF, RARTF, DRTF, Grassius, PlnTFDB are available. On the first page of SoybeanTFDB, we provide four types of search keywords to find an entry: 'TF search', 'Similarity search', 'Genome browser' and 'Quick search'. Similarity search allows search using either nucleotide or No. 6] amino acid sequence of any TF gene. Genome browser enables search using gene IDs and Quick search allows search function via any essential keywords such as 'NAC'. Within the TF search keyword, we provide seven search functions (Fig. 4A) . Figure 4 illustrates the web-based user interface of SoybeanTFDB with a detailed description. One can easily carry out functionality predictions for any TF The mean values expected were calculated by counting motif patterns hit in 1000 random samplings in each 1000 trials for promoter pools of all genes annotated in soybean genome.
of interest based on GO annotations and cis-motif search results. For instance, putative abiotic stress responsive TFs can be searched based on the existence of stress responsive cis-motifs and GO annotations. Thus, the database that we have developed consolidates comprehensive information for all of the members of soybean TF repertoire. This database is a very user-friendly interface which aims to meet the broad demands of researchers who strive to perform research with soybean TFs with the goal of gaining greater understanding of their putative roles in plant development, differentiation and environmental responses. Taken together, SoybeanTFDB will serve as an in silico analysis-based basic platform for the elucidation of regulatory mechanisms underlying different developmental and physiological processes and stress responses. We strongly feel that this database will rapidly accelerate the progress in 'transcription factoromics' of soybean, comparative genomics of TF repertoires both within legume species and between legumes and other species, as well as facilitate genetic engineering programs to improve the productivity of soybean grown in adverse conditions.
